Experimental Methods
The measurement of W (or w) depends upon the determination of two quantities: the mean number of ion pairs, N (or dN), and the mean energy imparted to the absorbing material. A critical appraisal of experimental measurements of W must consider the uncertainties of the determination of the two quantities. Frequently, the information given by authors is insufficient to provide an assessment of the uncertainty .1 In most experiments only one apparatus is used to determine the number of ion pairs for several gases. If, in addition, a stable particle source (e.g., a radioactive source) is used, it can be assumed that relative values of W for different gases will have a smaller uncertainty than absolute values.
Two methods have been used to measure N:
(1) Pulse Height Measurements for Single Particles. For monoenergetic particles, operation of the ion chamber in the pulse mode does not require a determination of the number of incident particles. A disadvantage of this method is the need for a complex electronic amplification system. Also, it can only be used for particles with energies well above electronic noise levels (approximately 30 ke V for gas ionization chambers, but much lower for proportional counters). On the other hand, particles with reduced energy (e.g., due to slit edge scattering) or pulses due to recoil particles or photon background can be excluded in the analysis of the data.
(2) Measurement of Total Ionization Current or Total Charge, n Ne, (where n is the number of incident particles) Collected Over a Given Time Period. In this method, the number of incident particles must be determined as well as their energy.
Methods of Measuring Energy
Various methods used in determining either the initial energy of charged particles or the energy lost by these particles are described here. Usually, the initial energy of the particles entering the material to be ionized is reduced first by absorption in an insensitive surface layer. For alpha particles from radioactive sources, self absorption in the source occurs. For accelerator systems, an entrance foil or a differential pumping channel will absorb some of the energy. The correction for this energy loss must be assessed.
In order to obtain the energy lost in the absorber by 4 particles of the initial energy, E, it is necessary to consider all modes of escape of energy from the absorber. Examples of these modes include: products of nuclear reactions (neutrons, gamma rays, mesons, etc.), delta rays, x rays, etc. For electrons, backscattering may contribute an important correction (Spencer, 1959; Waibel and Grosswendt, 1978) .
Direct, Absolute Measurement of Initial Energy or Particle Velocity
Time-of-Flight Measurements. This technique has been used by Chappell and Sparrow (1967) to determine the velocity of alpha particles from radioactive sources reduced in energy through solid absorber foils.
Magnetic and Electric Deflection Measurements. In most experiments with accelerated ions, the relative velocity of the particles is determined by the angular deflection in a magnetic field (Chemtob et al., 1977; Kuhn and Werba, 1978; Rohrig and Colvett, 1978; Larson, 1958; and others) or in an electrostatic field (Lowry and Miller, 1958; and others) . In principle, these systems can be calibrated absolutely (e.g., see Bichsel et al., 1957; Tschalar, 1967) , but usually nuclear reactions are used to perform this calibration (Andersen et al., 1976; Kuhn and Werba, 1978; Chemtob et al., 1977) .
The energies of alpha particles from radioactive sources have been determined with magnetic deflection (Rytz, 1973) .
Measurement of Accelerating Potential. A measurement of the accelerating potential with a calibrated resistor chain has been reported (Schaller et al., 1963; Bichsel et al., 1952) for the energy determination of heavy ions. This method is used frequently for measurements with electrons (Waker and Booz, 1975; Cole, 1969; Combecher, 1978; Waibel and Grosswendt, 1978) .
Use of Products of Nuclear Reactions. In the older literature concerning measurements of nuclear reactions observed with ionization chambers, one finds that the ionization by a variety of particles in various gases has been observed. At the time of the measurements, it was usually assumed that the uncertainty in W values was less than that of the energies involved in the nuclear reactions (e.g., see Bichsel et al., 1952; Stebler and Huber, 1948; Hanna, 1950; Rhodes et al., 1952) . With the current knowledge of nuclear reaction energies, it would appear that reliable W values could be extracted from these data. Thus, additional information on W would be available from the literature if there were an interest in the particular combinations of particle and gas measured.
Recoil particles produced by fast neutrons have also been used for W measurements. Their energies are calculated from nuclear kinematics (Tunnicliffe and Ward, 1952; Carter, 1967; Breitung, 1972) . The problems associated with this method are discussed by the authors, but they may have underestimated the uncertainties associated with a broad energy range of the secondary particles which often include several nuclear species.
Very heavy ions are produced as recoils in the alpha decay of radioactive nuclei (Jesse and Sadauskis, 1956; Stone and Cochran, 1957; Cano, 1968 ) and in nuclear fission. Data for these ions are given by Myers (1968) .
Use of the Range-Energy Relation. Occasionally, the initial energy of charged particles is obtained from a measurement of their range and an assumed rangeenergy relation (Jentschke, 1940; Ishiwari et al., 1956) .
Calculation of the Average Energy. The average energy from a beta-ray spectrum has been calculated by Jesse (1958).
Measurements of Absorbed Energy
In the measurement of W, five methods have been used to determine absorbed energy:
(1) Calorimetry;
(2) Chemical dosimetry;
(3) Methods employing calibrated proportional counters;
(4) Ionization measurement in a reference gas; (5) Calculation from stopping power. These methods are used mainly for measurements with electrons. Since the absorbed energy is the product of the number, n, of particles and the energy lost by the particles, no independent measurement of n is necessary.
2.1.2.1 Calorimetry. Most of the kinetic energy of charged particles lost in an absorber appears as heat. A small fraction is converted into chemical energy (or other potential energy), and some energy may escape in the form of secondary radiation. Unless this heat defect can be calculated plausibly (from an understanding of the possible energy storing processes in the solid), it must be measured with particles for which the absolute energy has been determined (e.g., see Fleming and Glass, 1969) .
A calorimeter was used by Mann (1954) to determine the energy emission rate of a dried Na 2 35 S0 4 powder. Subsequently, the ionization produced by an aliquot of that source in a large chamber was measured, and an average value W for the electrons was thus obtained (Bay et al., 1957; Gross et al., 1957) . No correction was made for possible energy absorption by chemical 2. 1 Methods of Measuring Energy • • • 5 changes in the powder during the measurements in the calorimeter.
Similarly, Greening et al. (1968a) used a calorimeter to determine the absorbed energy of a photon beam.
In ionization measurem_ents employing the Bragg-Gray principle, calorimetry has been used to determine the absorbed energy (see Section 2.1.2.5.).
2.1.2.2 Chemical Dosimetry. The determination of absorbed energy in a chemical dosimeter requires a knowledge of G (Fricke and Hart, 1966) . For electrons, G usually is determined from measurements with calorimetry or ionization chambers. This method therefore does not provide absolute values of the energy, unless G is calculated theoretically or semi-empirically.
2.1.2.3 Methods Employing Calibrated Proportional Counters. Proportional counters have been used in the determination of the energy dependence of W for electrons produced by photons (Srdoc, 1973) . If the counter is also used as an ionization chamber and photons of known energy are employed, an absolute determination of Wis possible (Schulze, 1966) .
2.1.2.4 Ionization Measurement in a Reference Gas. By placing absorber foils across radioactive alpha-particle sources, Jesse (1961) obtained alpha particles with reduced energy. By measuring the ionization in argon and assuming a constant value for W in argon, he was able to calculate the mean energy of these particles. Independent measurements for the alpha-particle energy range involved (see Fig. 5 .8) indicate that his assumption was reasonable.
2.1.2.5 Calculation from Stopping Power to Obtain Absorbed Energy. If a Bragg-Gray cavity is used, stopping power data are used to calculate the ratio of energy deposition in gas and wall (e.g., see Weiss and Bernstein, 1956) . Usually, the energy absorbed in the wall material is determined by calorimetry.
In measurements of the differential value, w, a value of the stopping power, S, of the gas 2 is assumed (Chamberlain et al., 1951; Barber, 1955; Parks et al., 1972; Varma et al., 1975 Varma et al., , 1977 . The mean energy, .::1, lost by the particles can then be calculated, .::1 = x·S, where x is the absorber thickness.
Measuring the Number of Incident Charged Particles
If total ionization current is measured, several methods have been used to determine the number, n, of incident particles independently. They are described below. 2 For protons in N 2 , the results of the measurements of S by Langley (1975) and Swint et al. (1970) differ by up to 10 percent for 1 < E/MeV < 2.6, in 02 by 5 percent. For gases (and for organic materials, Bichsel, 1977), it cannot be assumed, therefore, that S is well known.
Measurement of Incident Particle Current
The basic instrument used for absolute incident current measurements is the Faraday cup (see, e.g., Yuan and Wu, 1963) . In a measurement ofw, the beam of charged particles travels through the ionization chamber into the Faraday cup (Chamberlain et al., 1951) and both the incident and ion currents can be measured simultaneously.
In a measurement of W, a monitoring device placed in front of the ionization chamber is calibrated with a Faraday cup in place of the ionization chamber (Schaller et al., 1963; Kuhn and Werba, 1978) .
Two major problems have to be considered in this method:
(a) the escape of secondary electrons from the cup, and the collection of electrons produced in the foil covering the cup;
(b) the charge state of the particles entering the cup.
Counting of Number of Incident Particles During Measurement of Ionization Current
This method has been used by Larson (1958), Bay et al. (1961) , Parks et al. (1972) , and Rohrig and Colvett (1978) .
The method used by Jesse and Sadauskis (1957a) for electrons from 35 S may be included here.
Alternating the Counting of Particles with the Measurement of Ionization Current
This method has been used by Lowry and Miller (1958) , by Boring et al. (1965) , Boring and Woods (1968) , and by Chemtob et al. (1977) . Clearly, it is important that the incident particle current remain approximately constant over an extended period of time.
Methods of Measuring the Amount of Ionization
Various instruments are used to measure ionization: ionization chambers (with plane, cylindrical or other geometrical arrangement, Bragg-Gray cavities) and proportional counters.
The dimensions of the ion chambers and the proportional counters should be large enough to permit a total absorption of the initial energy of the incident particle and its secondaries. 3 For heavy charged particles, a length of the ionization chamber of about 10 percent greater than the mean range of the particles is adequate. It is also important, however, to consider the lateral spread of the beam (Larson, 1958) and its secondaries (Varma et al., 1977) .
For electrons, backscattering is always an important problem (Spencer, 1959; Gross et al., 1957; Jesse and Sadauskis, 1957b ).
Absolute Measurement of the Numbers of Ion Pairs
For an absolute determination of W, it is necessary to measure absolute values of the mean number N of ion pairs. This can be achieved by measuring the absolute value of the ionization current!= e (dN/dt) (e = electron charge, t =time) directly (Schaller et al., 1963) or integrated over a period of time with a Townsend balance (Greening et al., 1968b; Gross et al., 1957; Larson, 1958; Bortner and Hurst, 1954) . Alternatively, "ionization was measured as a current with a vibrating-reed electrometer" (Lowry and Miller, 1958) . A "current digitizer" was used by Varma et al. (1975) , a "current to voltage converter" using an operational amplifier by Chemtob et al. (1977) , and electrometers by Kuhn and Werba (1978) . All of these instruments are "totalfeedback electrometers", described, for example, by Loevinger ( 1966) .
Clearly, the absolute uncertainty of N depends directly on the uncertainty in the values of the resistors, capacitors, voltmeters, etc., used for these measurements.
For pulse-operated ion chambers, the absolute calibration of N is described by Haeberli et al. (1953) . For silicon detectors, details are given by Hanke and Bichsel (1970) .
For the measurement of N, it is of great importance to account for all the ions produced in the gas. This problem is considered in the next section.
Ion Collection
In general, due to recombination, a fraction of the ions produced in a gas cannot be collected. The term collection efficiency, f, has been introduced by Boag and Wilson (1952) to describe the fraction of ions which is collected and measured.
For a beam of particles entering an ionization chamber of adequate size, f can be varied by changing: (a) the electric collection potential; (b) the gas pressure; (c) the particle flux density (i.e., the dose rate).
The collection efficiency, f, is a complex function of these variables (e.g., see Boag and Seelentag, 1975) . Several types of recombination have been defined: -Initial or columnar recombination, dominating if the local ion density in columns of high-LET radia-tions or in clusters of low-LET radiations is larger than the average ion density. For example, for alpha particles even with low dose rates, initial recombination is predominant.
-General or volume recombination, -Preferential or geminate recombination (Casanovas et al., 1975) . Ion collection is also influenced by diffusion against the electric field.
General considerations concerning the design of ionization chambers for proper charge collection have been given by Boag (1966) .
In measurements with pulse-operated ionization chambers, the pulse height may be reduced due to rise-time effects ("ballistic deficit" in Haeberli et al., 1953; Elmore and Sands, 1949) .
2.3.2.1 Recombination Theories. In this section, only some of the most recent papers are mentioned. Saturation curves, and a qualitative description of recombination have been given by Boag (1966) . In particular, he points out that initial recombination (intratrack recombination) increases with the ion density along each particle track. The relation of observed ionization current, l, to collecting field strength, U, is given by
where a and b are constants. If a straight line is obtained for a plot of 1/l vs. l/U, the saturation current, lsi is given by ls= l/a. General recombination (intertrack recombination) increases with saturation current, lsi and the relation l/l = c + d/U2
(2-2) should be valid. Again, ls= 1/c.
Detailed functions for f = Ills are given by Boag (1966) for general recombination in plane-parallel, cylindrical, and spherical ionization chambers. General recombination in pulsed radiation beams, the Jaffe theory (Jaffe, 1913) for initial recombination and its limitations are also discussed.
In more recent papers, Boag and his associates discuss several special cases of recombination (Boag, 1969 (Boag, , 1975 Boag and Seelentag, 1975) .
For gases at high pressures, used, for example, in x-ray image formation, Boag et al. (1975) and Seelentag et al. (1976) discuss the collection efficiency.
Rosen and George (1975) derive Eq. (2-2) exactly for plane and cylindrical chambers, neglecting the spacecharge term, and give an approximate equation including this term.
Bohm (1976) considers general and initial recombinations together with diffusion losses for treating the ionization current in an extrapolation chamber for beta radiation. He finds that where g and h are constants for a given ls and geometry, provided f > 0.90 and certain other conditions are fulfilled.
2.3.2.2 Experimental Observations. In the determination of W for heavy ions, most authors discuss saturation to some extent. Often, the ionization current is shown as a function of the collection potential (e.g., see Varma et al., 1975) . It is quite difficult to establish the saturation current ls from this kind of plot. A graphical representation according to Eqs. (2-1) or (2-2) will permit a determination of ls more accurately (e.g., see Haeberli et al., 1953; Bay and Seliger, 1960) . Ishiwari et al. (1956) demonstrated a lack of saturation in earlier measurements near the Bragg peak of alpha particles in air. Columnar recombination can be reduced significantly by applying the collecting electric field at right angles to the particle track (Jaffe, 1913; Jesse, 1960) .
For low energy electrons, the kinetic energy will change perceptibly if there is a component of the collecting electric field parallel to their velocity. This effect has been observed by Bay et al. (1957) and by Gross and Kunz (1956) . In the measurements by Jesse and Sadauskis (1957a) and Jesse (1958) , this effect may have been masked by other effects.
Occasionally, saturation curves for ionization produced by electrons show different slopes, depending on the polarity of the applied field. Greening et al. (1968b) found for "electron collection" a constant current, but for "ion collection" an increasing one. This effect was also studied by Waibel and Grosswendt (1977) . In addition, at the highest potentials, the current decreased again. No explanation has been given so far. Similar effects were observed by Cole (1969) and by Waker and Booz (1975) .
Combecher (1978) tried to avoid some of these problems by injecting a short pulse of electrons into the field free gas, then turning on the collecting field after the primary electrons stopped.
In cylindrical Bragg-Gray chambers used to determine W for secondary electrons from the walls, there may be "corners" where the electric field is low in spite of high collection potentials. This effect has been investigated by Reid and Johns (1961 ), Bernier et al. (1956 ), and Skarsgard et al. (1957 . Myers (1958) , on the other hand, did not have difficulties with saturation. In these measurements, saturation was also studied as a function of dose rate.
